Mature elastin synthesis is a key challenge in arterial tissue engineering. Most engineered vessels lack elastic fibers in the medial layer and those present are poorly organized. The objective of this study is to increase mature elastin synthesis in small-diameter arterial constructs. Adult primary baboon smooth muscle cells (SMCs) were seeded in the lumen of porous tubular scaffolds fabricated from a biodegradable elastomer, poly(glycerol sebacate) (PGS) and cultured in a pulsatile flow bioreactor for 3 wk. We tested the effect of pore sizes on construct properties by histological, biochemical, and mechanical evaluations. Histological analysis revealed circumferentially organized extracellular matrix proteins including elastin and the presence of multilayered SMCs expressing calponin and α-smooth muscle actin. Biochemical analysis demonstrated that the constructs contained mature elastin equivalent to 19% of the native arteries. Mechanical tests indicated that the constructs could withstand up to 200 mmHg burst pressure and exhibited compliance comparable to native arteries. These results show that nontransfected cells in PGS scaffolds in unsupplemented medium produced a substantial amount of mature elastin within 3 wk and the elastic fibers had similar orientation as those in native arteries. The 25-32 μm pore size supported cell organization and elastin synthesis more than larger pore sizes. To our knowledge, there was no prior report of the synthesis of mature and organized elastin in arterial constructs without exogenous factors or viral transduction.
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blood vessel | regenerative medicine S mall-diameter arterial substitutes are urgently needed as incidences of atherosclerotic arterial disease, especially coronary artery disease, rises with an aging population and increasing obesity (1) . Autologous vessels are commonly used for bypass surgery to replace diseased and damaged arteries with an inner diameter less than 6 mm. However, autografts have several limitations including low availability, donor site morbidity, compliance mismatch, and late intimal hyperplasia, which often cause graft failure (2, 3) . Tissue engineering is a promising alternative to autografts with the potential to develop small-diameter arterial constructs that are nonthrombogenic, strong, and compliant. Previous studies have led to significant progress in development of arterial constructs with multilayered structure, excellent collagen production, and burst pressure similar to native arteries (4) (5) (6) . The mechanical properties of native arteries are mainly determined by extracellular matrix (ECM) proteins, especially collagen and elastin. Collagen contributes greatly to arterial tensile strength, whereas elastin provides elasticity and compliance. The media of an artery contains a large amount of elastin synthesized by smooth muscle cells (SMCs) and is incorporated into elastic fibers (7) . Arterial elastic fibers are arranged into circumferentially organized elastic lamellae, which allow arteries to maintain their original configurations from variations in hemodynamic stress (8) . Thus, elastic fiber incorporation is critical to develop arterial constructs with mechanical responsiveness similar to native arteries. However, expression of mature elastin has been a significant challenge in arterial tissue engineering.
We set out to determine the impact of poly(glycerol sebacate) (PGS) and scaffold pore size on elastin expression and organization. We developed arterial constructs using a biodegradable elastomer, PGS (9) with adult vascular SMCs cultured in a pulsatile flow bioreactor. Autofluorescent and positively stained elastic fibers were circumferentially organized in the construct lumen. The amount of mature elastin and collagen synthesized within 3 wk in vitro corresponded to approximately 20% and 10%, respectively, of the contents in adult native arteries. Pore size significantly altered cell organization and construct properties: We tested three types of scaffold with large (75-90 μm), medium (45-53 μm), and small (25-32 μm) pores. Compared with larger pores, small pores increased SMC alignment, elastin and collagen production, burst pressure, and compliance. Furthermore, we showed that the results were reproducible in SMCs of both baboon and porcine origins. We believe that this represents a previously undescribed translational approach to small arterial constructs and is an important step forward in tissue engineering.
Results
Elastic Fibers at the Construct Lumen. Histological analysis provided important evidence on production and organization of ECM proteins including elastin. H&E staining showed that cells and ECM proteins completely covered the lumen of all PGS constructs (Fig. 1A) . Cells appeared denser in the interstitium of the constructs with larger pores, whereas cell density was higher and more ECM proteins were concentrated at the lumen of those with smaller pores. Elastin autofluorescence also demonstrated dense elastic fibers organized circumferentially at the luminal surface of the constructs with small pores (Fig. 1C) . The distribution of ECM proteins and elastic fibers in constructs with small pores resembled that of native arteries. Consistent with elastin autofluorescence, immunofluorescence staining indicated that the lumen of PGS constructs with small pores stained positively for elastin and fibrillin-1, both of which exhibited fibrillar morphology similar to native arteries (Fig. 1B) . Fibrillin-1 serves important function in elastic fiber formation and is well established as a marker to confirm a normal step of mature elastin deposition (10) (11) (12) . These results show that PGS constructs produced mature elastic fibers organized similarly to native arteries.
Mature Elastin in the Constructs. Biochemical assays demonstrated that PGS constructs contained significantly higher amounts of insoluble elastin ( Fig. 2A) and desmosine ( Fig. 2B and 2C ) as the pore sizes decreased. The highest contents of insoluble elastin and desmosine were 20.2 AE 9.1 μg∕mg of tissue, 1.63 AE 0.4 ng∕mg of tissue, and 0.17 AE 0.026 μg∕ng of DNA in constructs with small pores, which corresponded to 23% and 19% of native arteries. The insoluble elastin and desmosine content matched well and indicated that the insoluble elastin is essentially mature elastin.
These increased desmosine contents were consistently observed in constructs seeded with porcine SMCs (passage 4-6) as the pore sizes decreased (Fig. 2C) , demonstrating that mature elastin production in PGS constructs is reproducible in more than one species. These results indicated that PGS constructs with small pores produced significantly higher amounts of mature elastin than those with larger pore sizes. Soluble elastin concentration in the culture medium was the same in the constructs with medium and large pores, but was significantly higher in those with small pores (Fig. 2D ). In synchrony with elastin, the highest collagen content was 6.3 AE 1.9 μg∕mg of tissue ( Fig. 2E ) and 0.58 AE 0.18 μg∕ng of DNA (Fig. 2F ) in the constructs with small pores, which was approximately 10% of native arteries.
Construct Mechanical Properties. Construct mechanical properties were evaluated by tensile test, burst pressure, and compliance measurements. Tensile test results showed that ultimate tensile stress and elastic modulus of the constructs significantly increased with decreasing pore sizes without significant difference in strain at breaks (Fig. 3A) . This corresponded well with the trend observed in ECM protein synthesis. Compared to adult baboon carotid arteries (stress ¼ 1.26 AE 0.18 MPa, modulus ¼ 1.03AE 0.18 MPa, and strain at break ¼ 35.4 AE 2.6%), ultimate tensile stress, elastic modulus, and strain of PGS constructs were lower as shown in the stress-strain curve (Fig. 3B ). Burst pressure significantly increased with decreasing pore sizes (Fig. 3C) . (A) Insoluble elastin contents. *P < 0.05 (medium vs. large pores), **P < 0.05 (small vs. medium and large pores), and ***P < 0.05 (baboon carotid artery vs. all PGS constructs) (n ¼ 3). (B and C) Desmosine contents. *P < 0.05 (medium vs. large pores), **P < 0.05 (small vs. medium and large pores), and ***P < 0.05 (native artery vs. all PGS constructs) (n ¼ 3). (D) Soluble elastin concentrations in culture medium collected from each bioreactor chamber at the end of culture of PGS constructs. *P < 0.05 (small vs. medium and large pores) (n ¼ 3). (E and F) Total collagen contents. *P < 0.05 (small vs. medium and large pores), **P < 0.05 (native artery vs. all PGS constructs) (n ¼ 3). (Insets) Images of each construct at 10% strain (Left) and an image of construct with small pores at 25% strain (Right). (C) Burst pressure of PGS constructs. *P < 0.05 (medium vs. large pores), **P < 0.05 (small vs. medium and large pores) (n ¼ 3). (D) Compliance of the arterial constructs (represented as mean AE SD for three specimens) and baboon carotid arteries (two specimens). The compliance of the small pore-size group approaches that of the native arteries as the pressure increases. The compliances of the native arteries and the small pore-size groups are significantly higher than those of the medium and large pore-size groups.
The highest burst pressure was 201 AE 27 mmHg in the constructs with small pores, which is much higher than systolic blood pressure. However, we could not compare this value to that of native baboon arteries because they were not ruptured in this pressure range. Based on reported values of human arterial burst pressure (13) , the highest construct burst pressure is approximately 10% of the native artery. Similarly, PGS constructs with small pores had significantly higher compliance than those with larger pores (Fig. 3D) . At physiological pressure range, compliance in the constructs with small pores was lower at 80-100 mmHg, but was similar to that of native arteries after 100 mmHg.
Pore-Size Effect on Cell Organization and Infiltration. Cell infiltration of PGS constructs was examined using H&E staining after one day of culture and quantifying the relationship between cell number and the distance from lumen, from which cells were seeded. More extensive cell self-assembly occurred at the lumen in constructs with small pores than those with larger pores (Fig. 4A) . Because porosity was consistent in the three types of scaffolds, the increased cell organization might be due to higher surface area of constructs with small pores. On the other hand, the increased cell assembly at the lumen might be coupled with decreased cell infiltration in construct with small pores: Cell numbers decreased significantly from 6.2 AE 3.1 at 20% scaffold depth to 0 beyond 50% scaffold depth (Fig. 4B) . These results suggest that smaller pore size increased SMC self-assembly and organization at the lumen in constructs by limiting cell migration.
SMC Self-Assembly. Alignment and phenotypic protein expression of SMCs were examined by immunofluorescence and scanning electron microscopy. Immunofluorescence staining demonstrated that the lumen of all PGS constructs stained positively for α-smooth muscle actin (SMA) and calponin, early and midstage phenotypic markers of SMC, respectively (Fig. 5) . The constructs with small pores had similar distribution and organization of SMCs to native arteries. Comparison of constructs built from scaffolds with different pore sizes suggests that SMCs packed more densely and formed thicker layers as the pore sizes decreased. Scanning electron micrographs demonstrated that SMCs completely covered the construct lumen and were organized perpendicular to the flow direction (Fig. 6) . Multilayered SMCs on top of the constructs were clearly observed in cross-section.
Scaffold Fabrication and Properties. The tubular PGS scaffolds with three different pore sizes were fabricated by salt fusion method (Fig. 7A) . The structural differences of each PGS scaffold were examined by SEM and microcomputed tomography (micro-CT). Scanning electron micrographs demonstrated that all scaffolds had homogeneous wall thicknesses and there were no partial defects at their cross-sections (Fig. 7B) . Average scaffold thicknesses were consistent with regard to pore size: 530 AE 17 μm, 533 AE 31 μm, and 538 AE 29 μm, for scaffolds with small, medium, and large pores, respectively. Randomly distributed macro-and micropores were observed on the luminal surface of all scaffolds. Pore interconnectivity of scaffolds was >99% for all three scaffold types, demonstrating that their pores were fully interconnected. Porosities were similar among the different types of scaffolds as indicated by ethanol displacement: 75.6 AE 2.7% (for 25-32 μm), 78.3 AE 1.2% (for 45-53 μm), and 79.5 AE 1.2% (for 75-90 μm). Morphometric parameters measured from micro-CTand imaging analysis showed that measured pore sizes were smaller than porogen sizes, which may be attributed to their inability to detect micropores smaller than voxel resolution and constriction of measured pore sizes during repeated frame averaging process. Thus, it should be noted that the micro-CT results in this study have larger errors when estimating any features smaller than 6 μm (voxel resolution). These data indicated that scaffolds with small pores had narrower pore-size distribution (Fig. 7C) , and significantly higher surface area to volume ratio (Table 1) than those with large pores.
Discussion
The overall goal in this study is to enable and increase mature elastin expression in arterial constructs. It is very difficult to make SMCs express mature elastin in vitro; usually tissue-engineered constructs contain mature elastin only with postimplantation modification (13) (14) (15) . SMCs have been shown to synthesize mature elastin in vitro only under two conditions: (i) in the presence of exogenous supplements (16) (17) (18) and (ii) retroviral transduction (19) . We have previously demonstrated the ability of PGS scaffolds to support both elastin and collagen productions by adult baboon arterial SMCs in pulsatile flow bioreactor culture (20) . Furthermore, we have identified the important role of PGS by comparing elastin production in PGS vs. PLGA constructs of identical pore size and porosity, indicating that elastomeric materials will induce higher elastin synthesis than rigid ones (21) . In this study, the most significant contribution is the demonstration that PGS scaffolds with 25-to 32-μm pores enabled a substantial expression of mature and organized elastin in vitro (Figs. 1B and 2B). Because desmosine is a cross-linker unique to mature elastin matrix (22), we measured the desmosine content as an indicator of the level of elastin biosynthesis and amount of mature elastin. We also confirmed mature elastin deposition by positive signals of elastin and fibrillin-1 in immunofluorescence staining. Fibrillin-1 is well known as a major structural component of elastic-fiberassociated microfibrils, and the extracellular advent of fibrillin and assembled microfibrils is prerequisite for mature elastin deposition (23) . Furthermore, positively stained elastic fibers in PGS construct demonstrated fibrillar morphology similar to native arteries. To synthesize mature elastin, pioneering research from Long and Tranquillo used transforming growth factor beta 1 (TGF-β1) and insulin on neonatal SMCs (16) . Subsequently, Opitz et al. used a similar approach and achieved a desmosine content of 4.5% of native aorta 24 wk after implantation (15) . Studies from the Ramamurthi laboratory showed that the presence of TGF-β1, hyaluronan oligomer, and lysyl oxidase increased elastin synthesis in adult SMCs seeded on tissue culture plates; comparison with native arteries was not reported (17, 18) . Recently, a team led by Wight and L'Heureux used retroviral transduction of versican isoform (V3) in adult vascular SMCs to promote mature elastin synthesis (19) . However, we could not find any direct comparison of elastin content of native arteries with any of the reported constructs cultured only in vitro. Taken together, our research provides a previously undescribed approach to promote mature elastin synthesis in arterial constructs and suggests that scaffold mechanics and pulsatile mechanical conditioning are important factors that can lead to high elastin biosynthesis.
In addition to increased elastin expression, the constructs also organized the SMCs and elastic fibers circumferentially (Figs. 1 B  and C and 5 ). This could be attributed to the bioreactor that provided pulsatile flow perfusion at a frequency of 0.5-1.7 Hz. It is known that cyclic stretch at this frequency range increases SMC proliferation (24) and ECM protein production (25) (26) (27) . Although circumferentially oriented SMCs were observed in previous studies using collagen-gel-based vascular constructs condi- The inner surface of glass tubing was coated with 1.0 wt∕vol % hyaluronic acid (HA) and dried overnight at 37°C under vacuum. The coated glass tubing served as the outer mold and was assembled with a stainless steel rod encased by a heat-shrinkable sleeve as a mandrel centered by a PTFE spacer ring (Bottom). Salt was loaded into the glass mold from the top and salt template was fused in a humidified chamber for 30 min. Salt template was dried at 37°C in vacuum overnight and the mandrel was removed from the mold. PGS prepolymer solution was added to the salt template and the solvent was evaporated in a fume hood at room temperature. PGS was cured in a vacuum oven at 150°C and 100 mTorr for 24 h. Tubular scaffold was released from the glass tubing by dissolving HA and residual salts were dissolved in water. Pore interconnectivity, % 99.4 ± 0.62 99.6 ± 0.13 99.9 ± 0.01
Data were expressed as mean AE standard deviation (n ¼ 3). *P < 0.05 (small vs. medium and large pores). **P < 0.05 (medium vs. large pores).
tioned with 10% cyclic strain at 1 Hz (28), no elastic fibers were found in this construct. Positive staining of α-SMA and calponin ( Fig. 5) and multilayered SMCs oriented perpendicular to the flow direction (Fig. 6) indicate that cyclic radial distension of the elastomeric scaffolds improved differentiation and alignment of the SMCs, which likely contributed to elastin synthesis and organization.
Another important discovery in this study is the effect of changing scaffold pore size on vascular SMC growth and organization, and ECM protein production in the constructs. The smaller pore sizes led to higher SMC density at the lumen (Fig. 4A) and ECM protein deposition (Fig. 2) , more physiologic elastic fiber organization ( Fig. 1 B and C) , and more robust mechanical properties (Fig. 4A) than the larger pore sizes. Interestingly, SMCs penetrated deeper into the constructs with larger pores (Fig. 4B) , but this increased penetration did not enhance ECM protein deposition and elastic fiber organization. This somewhat counterintuitive discovery indicates that perhaps scaffolds that promote cell adhesion and self-assembly could be a valuable addition to those that promote cell penetration and integration. It is possible that because the 25-to 32-μm pores are close to cell size (10-20 μm), more SMCs could adhere and organize at the lumen of the constructs. This important first step could lead to better self-assembly of the cells. Decreased cell infiltration into the scaffolds (Fig. 4B ) and the assembly of multilayered SMCS above the lumen (Fig. 6 ) supports the possibility that small pore sizes facilitate cell-cell contact and organization by limiting cell penetration. The more physiological cell-cell interaction and organization likely increase mature elastin deposition as shown in Fig. 2 . Although porosity and pore size are generally accepted as important factors in tissue engineering scaffolds, we kept the porosity consistent and decreased the pore size in this study, which led to an increase in scaffold surface area (Table 1) . Thus, we cannot exclude changes in scaffold surface area as a factor in increased elastin synthesis and improved construct properties. However, it is interesting to note that in a different study, Marshall et al. demonstrated the importance of pore size: 35-μm pore significantly increased macrophage infiltration and vasculature development when compared to 20-and 70-μm pores in subcutaneous implantation in mouse (29) . It is possible that in our study pore size also played a key role in cell response and organization.
We recognize that insufficient collagen production and mechanical strength are the major limitations of this study. Vascular SMCs were the only cells that produced collagen in this study; coculture with fibroblasts at the abluminal surface of the constructs is expected to increase collagen production and organization, which will increase the burst pressure and ultimate tensile stress. In addition to proper mechanical properties, a quiescent endothelium is necessary to develop a clinically successful arterial construct. We expect that a confluent monolayer of endothelial cells (ECs) or endothelial progenitor cells (EPCs) cocultured with SMCs will prevent thrombosis, protect SMCs from shear stress, and promote contractile phenotype in SMCs. Our previous coculture experiment used empirical culture conditions and mechanical conditioning (30) . We believe that refinements of coculture conditions in a trilaminar construct would substantially improve the functions of the resultant arterial construct and bring it closer to clinical translation.
Materials and Methods
Fabrication of PGS Scaffold. Tubular scaffolds were fabricated from PGS synthesized in-house (31) using the salt fusion method as described previously (21) . The inner surface of a 70-mm long glass tubing (OD ¼ 9.0 mm, wall thickness ¼ 1.0 mm; Small Parts) was coated with 1.0 wt∕vol % hyaluronic acid (Sigma-Aldrich), dried overnight at 37°C under 100 mTorr vacuum, and used as the outer mold. A stainless steel rod encased by polytetrafluoroethylene (PTFE) spacer ring and a heat-shrinkable sleeve were used for the mandrel. The mold was assembled as previously described (32) . Salt was loaded into the vertical mold assembly with the PTFE spacer ring at the bottom, whereas the upper end of the mandrel was manually centered. Ground salt particles with three different sizes of 25-32 (small), 45-53 (medium), and 75-90 μm (large) were used as porogens. Salt was fused in a hybridization chamber at 88% humidity and 37°C for 30 min. Salt templates were dried overnight at 37°C under 100 mTorr vacuum, and the heat-shrinkable mandrels were removed after heating at 120°C for 5 min. Salt templates remained in the outer molds during polymer addition. Twenty wt∕wt % PGS prepolymer solution in tetrahydrofuran (Sigma-Aldrich) was added at 4.0 mg polymer per millimeter salt template length. Tetrahydrofuran was allowed to evaporate for at least 1 h at room temperature in a fume hood. PGS was cured in a vacuum oven at 150°C and 100 mTorr for 24 h. A series of two water baths (first bath ∼24 h; second bath >48 h) was used to dissolve the salt template, release tubular scaffolds from their molds, and leach out residual salts from the scaffolds. Scaffolds were lyophilized and stored dry.
Characterization of Scaffold. Scanning Electron Microscopy. Dried scaffolds were cut into the two parts to examine their luminal surfaces and crosssections. All sections were mounted onto an aluminum stub with carbon tape, sputter-coated with gold, and observed by a field emission SEM (6330F, JEOL) at 5-kV accelerating voltage. The wall thickness of each scaffold was measured from cross-sectional SEM images using the Image J software (NIH Image).
X-Ray Microcomputed Tomography. Scaffolds were scanned using a benchtop cone beam micro-CT system (μCT 40, Scanco Medical) with a microfocus X-ray (6 μm of isotropic voxel size, E ¼ 45 kVp, and integration time ¼ 300 ms with 3× frame averaging). Raw data were reconstructed to 2D tomograms using an automatic convolution back-projection algorithm. A script was written to define the total volume boundaries of the tubular scaffold semiautomatically using high Gaussian filter values and low thresholds. Global thresholding was used to segment PGS from background, and the total volume mask was utilized in the assessment of morphometric parameters. Average pore size and strut thickness were computed by using the direct distance transformation method (33) and averaging them for material and pore diameters measured over the entire 3D volume. Surface area to volume ratio was calculated by dividing measured surface area into PGS object volume. Pore interconnectivity was assessed by inverting the solid and pore spaces, eliminating any disconnected closed pores, and determining the percentage of connected pore space to total pore volume. Porosity was measured using an ethanol displacement method (34) because the micro-CT was limited by the resolution of voxel size and underestimated the porosity of scaffolds as pore size decreased. A 10-mL graduated cylinder was filled with an initial volume of ethanol (V 1 ), 30-mm long segments were submerged into the ethanol and briefly compressed to eliminate any residual air bubbles (V 2 ), the scaffold was removed, and the remaining volume of ethanol was measured (V 3 ). Porosity (P) was calculated from the following equation: P ¼ ðV 1 − V 3 Þ∕ðV 2 − V 3 Þ.
Cell Isolation and Culture. Primary arterial SMCs were isolated from the carotid arteries of juvenile male baboons (Papio anubis) and juvenile female wide-type pigs (Wally Whippo) and characterized in 2D culture before passaging and seeding (30) . SMCs were expanded using the MCDB 131 medium (Mediatech) with 10% fetal bovine serum (Lonza), 1% L-glutamine (Mediatech), 50 μg∕mL ascorbic acid (Fisher Scientific), and an antibioticantimycotic solution (10;000 units∕mL penicillin, 10;000 μg∕mL streptomycin, and 25 μg∕mL amphotericin B; Mediatech). A pulsatile flow bioreactor was designed for culturing SMCs on tubular scaffolds in vitro as described previously (32) . In preparation of cell seeding, scaffolds were attached to the luminal tubing of their bioreactor chambers using 1 mm of heat-shrinkable bands, sterilized by autoclaving at 120°C for 30 min, and pretreated with a series of perfusions (70%, 50%, and 25% ethanol for 1 h, PBS (Mediatech) for 2 h, and SMC culture medium for 24 h at 1.0 mL∕ min in the flow circuit. After detaching each scaffold chamber from the flow circuit, SMCs (passage [4] [5] [6] were seeded in the lumen of scaffold with a density of 2 × 10 6 cells∕cm 2 , and all chambers were horizontally rotated in a hybridization chamber at 37°C for 4 h. Fresh culture medium was loaded in the reservoir. Scaffold chambers were reattached to their flow circuits and through-wall perfusion was resumed at 1.0 mL∕ min for 15 min followed by luminal flow. The flow rate and pressure increased gradually from 1.0 mL∕ min (luminal shear stress: 1.1 dynes∕cm 2 ) and 20 mmHg on day 1 to 14.2 mL∕ min (15.3 dynes∕cm 2 ) and 120 mmHg on day 21, respectively. Medium was changed once every week.
Positive Control. Common carotid arteries were obtained from 3-year-old male baboons (Papio anubis) and 3 and 1∕2-year-old female wild-type pigs at the University of Pittsburgh Medical Center. All protocols of animal tissue handling were approved by the Research Ethical Committee of the hospital.
A more detailed description of experimental procedures; morphological examination, mechanical evaluations, histological examination and elastin autofluorescence, cell infiltration measurement, immunofluorescence staining, DNA content assay, biochemical evaluations, and information of statistical analysis are available in SI Text.
